A cherished tenet of nucleic acid enzymology holds that synthesis of polynucleotide 3′-5′ phosphodiesters proceeds via the attack of a 3′-OH on a high-energy 5′ phosphoanhydride: either a nucleoside 5′-triphosphate in the case of RNA/DNA polymerases or an adenylylated intermediate A(5′)pp(5′)N-in the case of polynucleotide ligases. RtcB exemplifies a family of RNA ligases implicated in tRNA splicing and repair. Unlike classic ligases, RtcB seals broken RNAs with 3′-phosphate and 5′-OH ends. Here we show that RtcB executes a three-step ligation pathway entailing (i) reaction of His337 of the enzyme with GTP to form a covalent RtcB-(histidinyl-N)-GMP intermediate; (ii) transfer of guanylate to a polynucleotide 3′-phosphate to form a polynucleotide-(3′)pp(5′)G intermediate; and (iii) attack of a 5′-OH on the -N(3′)pp(5′)G end to form the splice junction. RtcB is structurally sui generis, and its chemical mechanism is unique. The wide distribution of RtcB proteins in bacteria, archaea, and metazoa raises the prospect of an alternative enzymology based on covalently activated 3′ ends. RNA or A(5′)pp(5′)DNA; and (iii) ligase catalyzes attack by a polynucleotide 3′-OH on A(5′)pp(5′)RNA/DNA to form a 3′-5′ phosphodiester bond and release AMP (1). The salient principle of classic ligase catalysis is that the high energy of the ATP phosphoanhydride bond is transferred via the enzyme to the polynucleotide 5′ end, thereby activating the 5′ end for phosphodiester synthesis, with AMP as a favorable leaving group. The shared chemical mechanism of classic RNA and DNA ligases is reflected in their conserved core tertiary structures and active sites (1).
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Classic ATP-dependent RNA ligases are encoded by diverse taxa in all three phylogenetic domains. In bacteria, fungi, and plants they function as components of multienzyme RNA repair pathways that heal and seal broken RNAs with 2′,3′ cyclic phosphate and 5′-OH ends (2) (3) (4) (5) . In the healing phase, the 2′,3′ cyclic phosphate end is hydrolyzed by a phosphoesterase enzyme to a 3′-OH, and the 5′-OH end is phosphorylated by a polynucleotide kinase enzyme to yield a 5′-monophosphate. The resulting 3′-OH and 5′-phosphate ends are then suitable for ATP-dependent sealing by RNA ligase. This "healing-and-sealing" pathway is responsible for tRNA splicing in fungi and plants (6, 7) , for mRNA splicing in the fungal unfolded protein response (8) , and for tRNA restriction repair during bacteriophage infection of Escherichia coli (9) .
An alternative "direct ligation" pathway for joining 2′,3′ cyclic phosphate and 5′-OH ends during mammalian tRNA splicing was discovered nearly 30 y ago (10) (11) (12) , when it was shown that the 2′,3′ cyclic phosphate of the cleaved pre-tRNA is incorporated at the splice junction in the mature tRNA. (The junction phosphate in yeast tRNA splicing derives from the γ-phosphate of the NTP substrate for the 5′ kinase step.) Direct ligation languished until 2011, when three laboratories identified bacterial, archaeal, and mammalian RtcB proteins as RNA ligase enzymes capable of sealing 2′,3′ cyclic phosphate and 5′-OH ends (13) (14) (15) . In support of a bona fide RNA repair function for RtcB in vivo, it was shown that E. coli RtcB is competent and sufficient for eukaryal tRNA splicing, by virtue of its ability to complement growth of yeast cells that lack the endogenous healing-and-sealing-type tRNA ligation system (16) . Moreover, RtcB can replace yeast tRNA ligase as the catalyst of HAC1 mRNA splicing during the unfolded protein response (16) .
RtcB is unique with respect to its tertiary structure and the architecture of its active site (16, 17) , hinting at an unprecedented mechanism of end-joining. Parsimony and energetics suggested a one-step mechanism for sealing via attack by the O5′ nucleophile on the cyclic phosphate, with expulsion of the ribose O2′ and generation of a 3′,5′ phosphodiester at the splice junction. However, we found that RtcB violates Occam's razor, insofar as it executes a two-step pathway of strand joining whereby the 2′,3′ cyclic phosphodiester end is hydrolyzed to a 3′-monophosphate, which is then ligated to the 5′-OH end to form the splice junction (18) .
A remarkable finding was that the 3′-phosphate ligase activity of RtcB requires GTP or dGTP (18) . Neither ATP nor any other nonguanosine NTP sustains RtcB's ligase activity. The finding that GTP reacts with RtcB to form a covalent RtcB-guanylate adduct (18) raised the prospect that GTP might provide the chemical energy for a polynucleotide ligation reaction. Here we characterize the nature of the covalent RtcB-GMP adduct, establish its essentiality for end-joining, and identify polynucleotide-(3′)pp(5′)G as a second covalent intermediate in a three-step pathway for sealing 3′-phosphate/5′-OH breaks.
Results and Discussion GTP-Dependent RNA End-Joining. The requirement for GTP is illustrated in Fig. 1 , where the substrate for ligation is a 20-mer RNA strand with 5′-OH and 3′-monophosphate ends and a single radiolabel between the 3′-terminal and penultimate nucleosides. Reaction of HO RNAp with RtcB and GTP yielded a more rapidly migrating circular RNA species as a consequence of intramolecular sealing. No ligation was detected in the absence of added GTP. Ligation increased with GTP concentration in the range of 0.1-1 μM and was complete at 6.25 μM GTP. The observation that 65% of the substrate was ligated at 1 μM GTP (when GTP was in just 10-fold excess over input RNA) attests to the efficiency of GTP utilization.
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Histidine-337 Is the Site of Covalent Guanylylation. The RtcB-[ 32 P] guanylate adduct formed by reaction of E. coli RtcB with [α 32 P] GTP was sensitive to acid and hydroxylamine but resistant to alkali, consistent with a P-N bond (18) . To map the site of covalent guanylylation within the 408-aa RtcB polypeptide, we reacted the recombinant protein in vitro with unlabeled GTP, then subjected the sample to cysteine reduction and alkylation with iodoacetamide, followed by proteolysis with trypsin. The tryptic peptides were analyzed by HPLC interfaced with nano-electrospray ionization mass spectrometry (19) . We thereby identified a species with a m/z value of 723.93, consistent with a GMP adduct of the tryptic peptide 325 GLGNEESFCSCSHGAGR 341 (measured molecular mass 2,168.777; calculated molecular mass 2,168.778) in which both cysteines were alkylated and the net charge is +3 ( Fig.  2 A and B) . The guanylylated species, eluting at 22.38 min during HPLC, was resolved from the unguanylylated version of the same tryptic peptide, which eluted at 21.34 min ( Fig. 2A ). Within this tryptic peptide, His337 is the only plausible site of GMP attachment via a P-N bond.
Further analysis of the guanylylated tryptic peptide by tandem mass spectrometry is shown in Fig. 3 . Fragmentation of the GMP-peptide adduct yielded the unguanylylated intact peptide (species denoted as [-GMP] 2+ in Fig. 3B , with m/z of 903.9) and GMP as major products, consistent with the fragility of the P-N bond under the acidic conditions used (Fig. 3A) . Additional m/z signatures were observed for a phosphopeptide arising by subtraction of guanosine during fragmentation (species denoted as [-Guan] 2+ , with m/z of 951.9) and for phosphoribosyl-peptide adducts reflective of scission of the glycoside bond with loss of guanine ( Fig. 3 A and B) . Two minor fragmentation products, corresponding to peptides b13 ( 325 GLGNEESFCSCSH 337 ) and y11 ( 331 SFCSCSHGAGR 341 ) were also detected ( Fig. 3 B and C), providing affirmation of the assignment of the sequence of the parent tryptic peptide.
His337 is conserved in all RtcB homologs and is essential for E. coli RtcB's tRNA splicing activity in vivo (16) . His337 is situated in the RtcB active site immediately adjacent to a cluster of putative metal-binding side chains (17) . To probe the role of His337 in RtcB guanylylation, we purified missense mutants of E. coli RtcB in which His337 was either replaced by alanine or substituted conservatively with asparagine or glutamine (Fig. 4A) . Whereas wild-type RtcB reacted with 10 μM [α 32 P]GTP to form an SDS-resistant 45-kDa RtcB-[ 32 P]GMP adduct, the H337A, H337N, and H337Q proteins were inert (Fig. 4B) . Moreover, the H337A, H337N and H337Q mutations abolished 3′-phosphate/5′-OH RNA ligation (Fig. 4C) . These results support the assignment of His337 as the nucleophile in the RtcB guanylylation reaction and the intermediacy of RtcB-GMP in RNA end-joining.
RtcB Transfers GMP to a Polynucleotide 3′-Monophosphate End. Experience with classic DNA ligases teaches that the A(5′)pp(5′) DNA intermediate can be difficult to detect under optimal ligation reaction conditions, because the rate of the phosphodiester synthesis step is much faster than the rate of A(5′)pp(5′) DNA formation (20) . However, the abundance and persistence of the adenylylated polynucleotide in the classic ligase scheme can be enhanced by nucleic acid modifications that slow the final step (21) . With this in mind, we sought to demonstrate transfer of [ 32 P]GMP to the 3′-monophosphate terminus of a DNA polynucleotide, reasoning that an all-DNA strand might be ineffective, or at least less effective than RNA, as a substrate for the full ligation reaction. Fig. 5A shows that RtcB does indeed transfer [
32 P]guanylate from GTP to an unlabeled 3′-phosphateterminated 23-mer DNA. The yield of the labeled polynucleotide increased with the amount of input 3′-phosphate polynucleotide (Fig. 5A) . The polynucleotide guanylylation reaction reached an endpoint at 5-15 min with ≈25% of the input cold 23-mer becoming 32 P-labeled; the reaction attained half of the endpoint value in <1 min (Fig. 5B) . Note that there was no detectable Fig. 1 . RtcB is a GTP-dependent 3′-phosphate/5′-OH RNA ligase. RtcB splices a 3′-monophosphate RNA end to a 5′-OH end in a reaction that requires manganese and GTP. The dependence of ligation on GTP concentration is shown. Reaction mixtures containing 2 mM MnCl 2 , 0.1 μM 20-mer RNA (depicted at bottom with the 32 P-label denoted by •), 1 μM RtcB, and GTP as specified were incubated at 37°C for 30 min. The labeled RNAs were resolved by PAGE. Intramolecular end-joining by RtcB converts the linear substrate to more rapidly migrating circular product. label transfer to an otherwise identical 23-mer DNA with a 3′-OH terminus (Fig. 5A) .
The 32 P-labeled 23-mer was gel-purified and analyzed by PEIcellulose TLC (Fig. 5C) . All of the label remained at the origin, verifying that there was no residual mononucleotide present. Whereas no radiolabel was released from the DNA by treatment with calf intestine alkaline phosphatase (CIP), nucleotidyl pyrophosphatase (NPP) treatment resulted in quantitative release of the label as [ 32 P]GMP (Fig. 5C) . Digestion of the labeled DNA with NPP plus CIP released 32 P i (Fig. 5C) . Treatment of the labeled polynucleotide with nuclease P1 (P1), which hydrolyzes 3′O-P bonds, resulted in quantitative release of the label, predominantly as [
32 P]GDP, with a minority of the P1 product being [ 32 P]GMP (Fig. 5C ). Dual digestion of the labeled DNA with P1 plus CIP released 32 P i . This analysis identifies the label-transfer product as polynucleotide-(3′)pp(5′)G.
Polynucleotide-(3′)pp(5′)G Is an Intermediate in the Ligation Reaction.
RtcB was reacted in 10-fold enzyme excess with a 32 P-labeled 5′-OH/3′-phosphate-terminated 20-mer substrate composed of 19 ribonucleotides and a single 3′-terminal deoxynucleoside. A predominant radiolabeled species migrating ≈2 nucleotide steps above the input 20-mer substrate accumulated at early times (0.5-2 min) and then declined thereafter, concomitant with the progressive formation of the ligated circular RNA product, which migrated ≈2 nucleotide steps below the input 20-mer substrate (Fig. 6A) . We surmise that the slower-migrating species corresponds to HO RNA 19 dC(3′)pp(5′)G. The kinetic profiles of the abundance of the HO RNA 19 dC(3′)pp(5′)G and ligated species are consistent with a precursor-product relationship (Fig. 6A) . Fitting the data to a simple two-step kinetic scheme yielded apparent rate constants of 0.87 min −1 for the formation of HO RNA 19 dC(3′)pp (5′)G and 0.74 min −1 for the subsequent step of phosphodiester synthesis.
We conducted a similar kinetic analysis of the reaction of excess RtcB with an all-RNA 32 P-labeled 5′-OH/3′-monophosphateterminated 20-mer. Unlike the 3′-deoxy substrate, in which the HO RNA 19 dC(3′)pp(5′)G intermediate constituted 35% of the total labeled material at early times, only trace levels of HO RNA (3′)pp(5′)G were detectable at 15 and 30 s, constituting ≤1% of the total labeled RNA. The kinetic profile of the ligation of the all-RNA substrate is shown in Fig. 6B and is notable for the absence of a lag in the accumulation of the ligated end-products. These results signify that the rate of phosphodiester synthesis during ligation of an all-RNA 3′-phosphate end is much faster (on the order of 50-fold) than the preceding rate of guanylyla- tion of the 3′-phosphate. Fitting the data in Fig. 6B yielded an apparent rate constant of 2.2 min −1 for the rate-limiting RNA 3′-guanylylation step; that this value is only 2.5-fold faster than the rate of guanylylation of the 3′-deoxy-terminated substrate (Fig. 6A) attests that the terminal ribose 2′-OH is not a major factor in 3′ end activation under the condition tested (i.e., in 100 μM GTP at 10-fold RtcB excess over the nucleic acid substrate). By contrast, the 2′-OH clearly does exert a significant acceleration of phosphodiester synthesis, be it via direct participation in the reaction chemistry or indirectly (e.g., by influencing the conformation of the terminal pentose sugar).
RtcB Executes a Three-Step Pathway of GTP-Dependent RNA Sealing.
Here we show how RtcB uses the energy of the α-β phosphoanhydride bond of GTP to splice a 3′-monophosphate end to a 5′-OH end. There are three discrete steps in the RtcB pathway: (i) reaction of His337 of the enzyme with GTP to form a covalent RtcB-(histidinyl-N)-GMP intermediate; (ii) transfer of guanylate to a polynucleotide 3′-phosphate to form a polynucleotide-(3′)pp(5′)G intermediate; and (iii) attack of a 5′-OH on the -N(3′)pp(5′)G end to form the splice junction. To our knowledge there is no antecedent example of enzymatic synthesis of a nucleic acid 3′-5′ phosphodiester via covalent activation of a 3′-monophosphate end to a phosphoanhydride. The accepted "rule" of nucleic acid enzymology is that DNA/RNA polymerases and DNA/RNA ligases generate 3′-5′ phosphodiesters by catalyzing the attack of a primer-strand 3′-OH on the 5′-phosphate of an activated 5′-phosphanhydride: either a nucleoside-5′-triphosphate (polymerases) or an adenylylated A(5′)pp(5′)N-end (ligases). Even the noncanonical "reverse polymerase" activity of the tRNA modification enzyme Thg1 entails the attack of an NTP 3′-OH on the 5′-phosphate of a primer polynucleotide with an activated 5′-phosphanhydride terminus: either an A(5′)pp(5′)N-end or a 5′-triphosphate end (22) .
The tertiary structure and active site of RtcB have no similarity whatsoever to those of enzymes known to catalyze covalent nucleotidyl transfer to nucleic acid ends [i.e., classic RNA/DNA ligases (AMP transfer via a lysine-AMP intermediate), mRNA capping enzymes (GMP transfer via a lysine-GMP intermediate), and RNA cyclase (AMP transfer via a histidine-AMP intermediate)] (1, 23). RNA cyclase can covalently adenylate either a polynucleotide 3′-monophosphate end (en route to synthesis of a 2′,3′ cyclic phosphate) or a polynucleotide 5′-monophosphate end (24, 25) . However, RNA cyclase is incapable of ligating the activated ends to form a 3′-5′ phosphodiester.
The distinctive mechanism, specificity, and structure of RtcB and the wide distribution of RtcB proteins in bacteria, archaea, and metazoa raise the prospect, indeed the likelihood, that there are other unrecognized catalysts of RNA and DNA synthesis and repair that exploit, or contribute to, a noncanonical enzymology based on activated 3′ ends.
Methods
RtcB Purification. Wild-type E. coli RtcB and mutants H337A, H337N, and H337Q were purified to homogeneity as described previously (18) . Protein concentrations were determined using the BioRad dye reagent with BSA as the standard. ]GMP linkage to the 3′-phosphate-terminated DNA, the labeling reaction was scaled up to 90 μL and was initiated by adding 45 pmol of unlabeled 23-mer DNA. The labeled polynucleotide was gel-purified and concentrated by ethanol precipitation. Aliquots (200 fmol) of the purified labeled DNA were then treated with CIP, NPP, or P1, singly or in tandem as specified. The CIP reaction mixture (10 μL) containing 50 mM Tris·HCl (pH 7.9), 10 mM MgCl 2 , 100 mM NaCl, 1 mM DTT, and 1 U CIP (New England Biolabs) was incubated for 30 min at 37°C. The NPP reaction mixture (10 μL) containing 50 mM Tris·HCl (pH 8.0), 10 mM MgCl 2 , 100 mM NaCl, and 0.001 U NPP (Sigma) was incubated for 20 min at 37°C. The P1 reaction mixture (10 μL) containing 50 mM sodium acetate (pH 5.2), 1 mM ZnCl 2 , and 0.5 U nuclease P1 (Sigma) was incubated for 20 min at 50°C. For double digestions with NPP and CIP the samples were initially digested with NPP as described above, then the mixtures were adjusted to CIP buffer and subsequently treated with CIP as above. For double digestions with P1 and CIP the samples were initially digested with P1 as described above, then the mixtures were adjusted to CIP buffer and subsequently treated with CIP as above. All digestion reactions were quenched by adding 2 μL of 50 mM EDTA. Aliquots (6 μL) of the untreated and digested DNAs were applied to a PEIcellulose TLC plate (Merck); each sample was overlaid with cold GTP, GDP, and GMP markers. The mobile phase for ascending TLC was 1 M LiCl. The radiolabeled species were visualized by autoradiography; the cold markers were localized by UV illumination.
Identification of the Site of Covalent Guanylylation. A reaction mixture (10 μL) containing 50 mM Tris·HCl (pH 8.0), 2 mM MnCl 2 , 5 μM RtcB, and 10 μM unlabeled GTP was incubated at 37°C for 1 min, then quenched with 1 μL of 50 mM EDTA and diluted to 100 μL with 50 mM ammonium bicarbonate (pH 8.0). An aliquot (25 μL) was adjusted to 10 mM DTT and incubated at 57°C for 1 h, after which the mixture was supplemented with iodoacetamide (20 mM concentration) and incubated in the dark for 45 min at room temperature. The alkylated protein was recovered by methanol:chloroform extraction, resuspended in 50 μL ammonium bicarbonate (pH 8.0), and then treated with 5 μg of trypsin for 16 h at 25°C. The proteolysis was quenched by adding 50 μL of 0.1% trifluoroacetic acid in 40% (vol/vol) acetonitrile.
The tryptic peptides were resolved by applying the digest to a reversephase C18 (YMC, 15 μm, 300 A) column (75-μm internal diameter) and eluting the bound material with a linear gradient of 0-70% acetonitrile in 0.5% acetic acid over 60 min at a flow rate of 160 nL/min). The eluate was sprayed directly into a mass spectrometer (LTQ-Orbitrap-XL-ETD; Thermo Fisher Sci- entific) for analysis (19) . The repetitive analytical cycle comprised two stages. First, a high-resolution mass scan (res = 60,000) of intact ions was analyzed by Orbitrap. Next, fragmentation of 10 of the most intense peaks in the previous scan was carried out by collision-induced dissociation (CID). All CID fragments were analyzed with a linear ion trap. The *.raw mass spectral files were analyzed by MaxQuant (ver. 1.1.1.36) for the presence of a guanylate adduct (26) . Spectra of the peptide containing a putative GMP modification were verified manually.
